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use of confidence intervals from smear CDFs should considerably over predict the 
uncertainty of the estimate for buckets or drums since confidence intervals of CDFs from 
populations of buckets and drums should be much smaller than those from populations 
of smears. 

An evaluation of this approach was accomplished for newly generated TRU waste in cubical nine 
of the Radiochemical Engmeering Development Center (REDC) at Oak Ridge National Laboratory. 
The R E X  has irradiated several types of targets in the HI& Flux Isotope tor (rn) to produce 
25%f and other isotopes, but most of the stored waste in cubicle nine is believed to be from a single 
campaign. Chemical processing of targets irradiated in the wF;IR selectively removes some isotopes 
to liquid waste streams; hence, the concentration of these isotopes appear in the solid waste with 
relatively less activity than in the targets when they are removed from the €-.IFIR, which can be 
calculated and measured. This processing, however, does not impact the results of this study since 
the smear samples are obtained directly from the waste characterized. 

Chemical processing and physical dispersion mechanisms change these relative values as a function 
of space and time in a manner which is assumed to be random. Thus, the random variables in this 
study are selected to be the relative concentrations of alpha-emitting to gamma-emitting radionuclides 
as driven by chemical and physical dispersion mechanisms. Measurements obtained from 
radiochemical analyses are assumed to be deterministic values; hence, no expe mental uncertainty 
is included in these data. 

In some cases, the chemical and physical dispersion mechanisms of alpha- and gamma-emitting 
radionuclides may be very similar. For this case, one expects bo find good correlations in the 
concentrations among smear samples. If dispersion mechanisms differ significantly, correlations may 
be weak or not exist. One limitation of the current study is that many of the results from 
radiochemical analyses are reported as less than a given value rather than a specific value with an 
associated uncertainty (referred to as nondetects). Data sets with many ndetects generally show 
poor correlation whereas other data sets show modest correlation among alpha-emitting to gamma- 
emitting radionuclides. Methods for rigorously treating nondetects for determining correlations may 
provide an improved understanding of relationships among alpha-emitting and gamma-emitting 
radionuclides. 

One advantage of the method developed in this study is that uncertainties associated with estimates 
of the concentration of alpha-emitting radionuclides can be obtained with or without determining 
correlations or finding calibration models. In particular, the degree of correlation is reflected in the 
slope of the CDFs near the 0.5 fractile, and calibration functions me not necessary. If the correlation 
is perfect, the associated CDF is a vertical line, and there is no uncertainty in the estimate; however, 
the confidence intervals about the 0.5 fractiles of the CDFs of ratios increase as the correlation 
decreases, and the CDFs become flatter. Correlations among constituents in all waste forms should 
be, in general, modest to weak; thus, it may not be prudent to commit a large effort to optimizing 
calibration models. 

Another important positive feature of the proposed approach is that estimates based on CDFs for 
buckets and drums should contain much less uncertainty than those based on smear CDFs. In the 
case of very small samples, in mass and activity, the variability of radionuclides found in any 
particular location is large, but this variability should decrease for populations with members of 
increasing mass. It is expected that the 0.5 fractile for a population of smear samples is the same as 
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produced more precisely and accurately than results from NDA methods, However, the waste must 
be sorted and reduced to a homogeneous mixture before samples are taken for radiochemical analysis. 
This process must be followed to obtain representative DA samples of an individual waste stream. 
Consequently, this practice may not meet the as-low-as-reasonably-achievable ( A L M )  requirements 
because of excessive personnel exposure time during the sample collection and processing period. 
DA results are also expensive. Therefore, waste generators often use the “process knowledge” option 
with radiochemical analyses to fully characterize their waste streams and reduce the cost associated 
with the sampling activities? 

NDA is defined as “the observation of spontaneous or simulated nuclear radiations, interpreted to 
estimate the content of one or more nuclides of interest in the item assayed, without affecting the 
physical or chemical form of the material.” NDA includes passive gamma, passive neutron 
coincidence counting, passive active neutron assay, and calorimetry. NDA has been reliable and 
accurate in determining fissile, radionuclide, alpha curie content, and decay heat values of contact- 
handled’ (CH-TRU) wastes.6 NDA techniques are still in the developmental phase for characterizing 
remotehandled’ (RH-TRU) wastes because the NDA instruments that are commercially available 
cannot withstand the high radiation environment. These NDA methods are more desimble since NDA 
measurements can be taken without opening individual waste packages. In addition, they are less 
expensive and can reduce personnel exposure. Table 1 provides CM-TRU waste characterization 
methods used by individual DOE sites.6 

Along with the technical and compliance-related issues, an important consideration in the 
identification of radioactive waste as low level or TRU is cost; this is because of the highly disparate 
disposal costs for low level waste vs TRU waste. Current estimates suggest that the disposal costs for 
TRU waste may be a factor of 10 more than that of low level waste per unit volume. Thus, during the 
waste characterization process it is very critical that radioactive waste is accurately identified as low 
level or TRU to avoid any unnecessary cost penalties while ensuring compliance with regulations. 
The data examined in this report came mainly from the solid wastes generated from Building 7920 
of the Radiochemical Engineering Development Center (REDC) because approximately 90% by 
volume of the legacy O W  Rw-TRU wastes were generated by this facility. Newly generated REDC 
waste represents 100% of the ORNL RH-TRU inventory. 

REDC was used for the production, storage, and distribution of radioactive heavy elements. This 
facility has been the major generator of RH-TRU wastes at QRNI, since operation of the facility began 
in 1965. The main components of REDC wastes are reported to be 244Cm and 252Cf, which are not 
TRU radionuclides according to the DOE definition.’ In 1991, QRNL, petitioned Department of 
Energy-Oak Ridge Operations (DOE-ORO) to include 244Crn and 2T2Cf as TRU waste radionuclides 
because of their uniqueness to O N  waste management concerns such as difficulty in assaying and 
the need for special handling associated with neutron emissions. To date, DOE-OR0 has not 
approved this request. Through process knowledge, fission products and a small amount of other 
TRU radionuclides were also identified in the waste stream. However, it is not known whether the 
total concentrations of TRU nuclides in waste containers are above the 100 nCi/g limit. Considering 
the large inventory of REDC legacy waste, it is imperative that a correct determination be made 

All TRU wastes generated at ORNL that have an external dose rate I; 200 mrem/h we classified as CH-TRU wastes. 
’ By definition, RH-TRU wastes have an external dose rate >200 me&. 
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combines gamma spectroscopy measurements of waste package with radiochemical analyses of smear 
samples and with statistical analyses to obtain estimates of alpha-ernitting radionuclides in waste 
containers. 

A pilot study was performed in fiscal year 1995 to obtain radiochemical analysis from various types 
of REDC solid cell wastes, Preliminary assessment of this pilot study data suggested that there i s  a 
good correlation between TRU alpha emitting radionuclides (246Cm, 23eh, u9n’’”u, 242Pu 9 241A m , a d  
2d3Arn) and the “easy-to-measure” gamma emitting radionuclides such as IMKu, IIOmAg, ‘=Sb, 134Cs, 
‘%u, and 137Cs. “‘Easy-to-measure” radionuclides are those for which conditions such as attenuation 
by the waste matrix, interference by other radionuclides, and uncertainties associated with branching 
ratios introduce no more than 10% en-or in the estimate of the activity. Given the current NDA 
measurement capabilities at O N ,  a Gamma Assay Segmented Passive (GASP) system can be used 
accurately to measure the activity of these gamma-emitting radionuclides in a containerized waste. 
The TRU alpha activity in a waste container can be determined by multiplyng the measured gamma 
activities with the TRU alpha-to-gamma activity ratios calculated from the pilot study data. Non- 
parametric and parametric statistics will be used to establish the upper and lower confidence limits 
associated with individual activities ratios calculated from iochemical analysis. Both the 
radiochemical analysis and GASP measurements obtained from an REDC bucket containing melted 
polyethylene type of wastes will be used to illustrate the effectiveness of this characterization 
approach. 
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2. DESCRIPTION OF W D C  WASTE STREAM 

2.1 REDC MAIN STREAMS PROCESSING 
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Fig. 1. Transuranium processing plant (TRU) Building 792 

SOURCE: E. D. Collins and J. E. Bigelow, Chemical Processing Practices and Equipment in the Transuranlltrll 
Processing Plant after IO years of Operation, Proceeding of the 24Ih Conference on Remote Systems 
Technology, pp. 1 18- 129. 1976. 
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Table 3 Curium isotopic rati s for Campaign 69 based on C-68 rework and 
C-69 target estimates" 

Mass analysis on: 0UoQ193 
0.0207 g Cf-252 content: 

Isotopes AT% WTQ 

Rework from 68-CIA-8 

Mass analysis on: 0 1 /a4/95 
Cf-252 content: 0.485658 g 

ilsotops AT% wT% 

Mass analysis on: 
Cm-244 content: 

Isotopes 

Cm-242 
Cm-244 
Cm-245 
Cm-246 
Cm-247 
Cm-248 

Avg. MW = 

9/30/94 
15.9 g 

AT % wT9c 

0.00 0.00 
49.23 48.99 

1.21 1.21 
41.44 41.58 

1.14 1.15 
6.98 7.06 

245.16 

C-69 Tarnets 

Est. analysis on: 
Cm-244 content: 

Isotopes 

Cm-242 
Cm-244 
(31-245 
Cm-246 
Cm-247 
Cm-248 

Avg. MW = 

Campaim estimates based on camoaim 63 rework and target estimates 

Isotopes Total WT wT% 

Cm-242 0.439 0.44 
Cm-244 30.208 30.53 
Cm-245 0.559 0.56 
Cm-246 55.458 56.05 
Cm-247 1.510 1.53 
Cm-248 10.776 10.89 

9/30/94 
14.37 g 

AT % wT% 

0.67 0.66 
21.71 21.55 
0.25 0.25 

63.03 63.08 
1.70 1.71 

12.64 12.75 

245.87 

Data presented in Tables 3 and 4 was provided by the REDC technical group. 

Table 4. Californium isotopic ratios for Campaign 69 based on C-68 Few 
C-69 target estimates" 

Cf-249 20.080 19.908 
Cf-250 10.760 10.71 1 
Cf-25 1 3.700 3.698 
Cf-252 65.460 65.682 
Cf-253 0.001 0.001 
Cf-254 0.00 1 0.001 

Cf-249 4.900 4.849 
Cf-250 9.750 9.687 
Cf-25 1 2.830 2.823 
Cf-252 82.470 82.591 
Cf-253 0.040 0.040 
Cf-254 0.010 0.010 

Avg MW = 251.711 Avg . MW = 25 1.230 

CamDainn Estimates based on C-68 Rework and Target estimates 

k 9 t O p e S  TotalWt. WT% AT% 

Cf-249 0.036 6.401 6.467 
Cf-250 0.057 10.155 10.219 
Cf-25 1 0.017 3.057 3.064 
Cf-252 0.449 80,378 80.241 
Cf-253 0.0oO 0.005 0.005 
Cf-254 0.0oO 0.005 0.005 

' Data presented in Tables 3 and 4 was provided by the REDC technical group. 
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2.2 WASTE HANDLING PROCESS 

About 75% of the REDC TRU solid wastes (mostly RH-TRU) inventory is generated from cubicles 
1 through 8 of the shielded cell bank. In general, bulky or very hot wastes such as high-efficiency 
particulate air (HEPA) filters from off-gas cleanup systems, discarded equipment racks, and heaters 
are transferred out through a hot cell. roof plug into a shielded cask via an equipment transfer case. 
These discarded items are placed directly into a concrete cask without being packaged in an 
intermediate container. 

Small solid cell waste items generated from each of the hot cells are packed in a 1.5 gallon metal can. 
Each of these cans is remotely transported to cubicle 9 via the intercell conveyor for temporary 
storage. As cubicle 9 becomes full, the content of each metal can is emptied out on two metal trays 
located in cubicle 9 for inspection and repackaging into another 1.5 gallon metal can. 

Polyethylene bottles made up a large volume of solid wastes generated from W D C  hot cell 
operations. Empty bottles are rinsed and transferred to cubicle 9 via the in-cell conveyor for storage. 
These bottles are scanned with the in-cell fast neutron instrument to ensure that all products have been 
recovered Ih-om these bottles. These bottles and other polyethylene waste items are normally melted 
in 1.5 gallon metal cans for waste volume reduction purposes. 

Each metal can is placed in a heat-sealed, 3 gallon polyethylene bucket. The eat-sealing gives 
protective rigidity during subsequent handling. The lid has a porous vent to retain particulates while 
allowing gas to escape. A plastic bag is put over the bucket and is closed with a twist tie after it is 
pulled outside of cubicle 10 for disposal. Measurements are normally taken at 3 1Ft from both the m e a  
can and the polyethylene bucket. The bucket is then transported to either a stainless-steel 55 gallon 
drum or a concrete cask located in the limited access area (LAA) for disposal. The decision whether 
to use a drum or cask as the outer waste container is based on the surface dose rate measurements of 
the individual waste package. If the total surface doses (gamma plus neutrons) of a bucket are 2 200 
mRem/hr, the bucket would be sent to the cask for disposal as RH-TRU waste, Otherwise, the bucket 
would be sent to the 55 gallon drum for disposal as CH-TRU waste. 

On the waste bucket level, the same procedure is used to pack RH-TRU and CH-TRU wastes removed 
from the hot cell areas since all cell wastes become commingled in cubicle 9 before the repackaging 
process occurs. Based on this observation, RN-TRU hot cell wastes should have the same waste 
composition and isotopic ratio as CH-TRU hot cell wastes, For CW-TRU wastes, nine buckets are 
stacked in three layers in each 55 gallon drum. Before Campai 69 started, some small or irregular 
waste items from the hot cell were removed through a glove box on a lazy susan located in cell 10. 
These items were then packed in a polyethylene bag (not bucket) and placed directly in the drum. For 
RH-TRU wastes, the buckets are placed directly into the concrete cask in a random fashion. As a 
result, there is a significant amount of void space in the cask. A typical cask will hold about 60 waste 
buckets. 

Based on the waste handling process, REDC solid wastes should not be characterized by the 
individual cubicle, where the waqte originates from. The same distribution of radioisotopes is likely 
to contaminate all the waste since these wastes are well mixed when they are sorted and repackaged 
in cubicle 9. 

12 
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The waste percentages by volume assigned for plastic and glass were calculated based on the number 
of polyethylene buckets containing melted polyethylene bottles, hot cell manipulator boots, and glass 
sample bottles listed in the waste inventory records for two casks: XlOC930003 and XlOC93023. 
These two casks represent 50% of the waste inventory for a typical campaign and contain small waste 
items generated from Campaign 69, which were recently transferred to the Waste Management and 
Remedial Action Division (WMRAD) for storage. The final volume percentage for each waste 
category is then adjusted by the generator certification official (GCO) to accurately reflect the 
percentage of metal and cloth wastes processed. 

2.4 RADIOCHEMICAL CHARACTERISTICS OF RIEDC WASTE3 

Based on the mainstream operation process, the REDC isotopic waste profile is expected to contain 
a similar type of actinides, fission, and activation products present in irradiated targets processed 
annually at REDC. Table 5 provides a list of potential radionuclides psesent in REDC RW-TRU solid 
wastes. This table was compiled based on (a) OMGEN2 calculations of typical irradiated HFIR and 
Mark-42 mget compositions, (b) the process knowledge of the actinides recovery process from plant 
operation, and (c) the waste compositions estimated for a number of waste packages. Because in the 
past REDC also caxried out so e special research projects, which have k n  discontinued after FY 
1983, radium and thorium isotopes were added to the list of suspected radio uclides that could be 
found in REDC wastes. In general, Table 5 does not include isotopes with half-lives shorter than 1 
year and those alpha emitters with activities e 0.001 times the u% activity since these radionuclides 
will not be present in the waste at the time of shipping to WIPP. 

For the past 15 years of REDC operations, the same chemical process has been used to recover 
transplutonium materials. It is expected that the same type of ~ d i o n u c l i ~ ~ s  will be sent in the solid 
waste streams taken out of cubicle 9 from all REDC campai inceHFlRtargets have been the 
dominant source of the feed materials used in the main ope process. W D C  wastes are highly 
commingled in cubicle 9 because these waste items were not comFletely emptied out of the storage 
area between campaigns. For this reason, the list of radionuclides potentially present in the REDC 
solid waste stream can be identified using the process knowledge methods described in Ref. 5. 
However, development of an accurate radiological concentr on of solid waste for a specific 
campaign should be significantly more difficult than for the m processing streams because solid 
waste accumulations in cubicle 9 may be derived from more than one campaign’s activities and the 
isotopic ratios of actinides in irradiated target product materials vary from campaign to campaign, 
particularly in regard to the concentrations of americium and curium radionuclides. In addition, the 
proportion of rework materials in a composite stream may not be the same among campaigns. 
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3. ASSAY DATA FROM REDC HOT CELL WASTES 

3.1 RADIOCHEMICAL TEST METHODS 

Destructive assays refer to chemical analysis in which a sample aliquot is removed from 
to be assayed and is prepared for counting of alpha and/or gamma activities. Samples collected from 
the waste stream are subject to routine radiochemical processing such as chemical precipitation and 
separation to obtain a homogeneous aliquot for analysis. The samples are assayed 
in a standard spectrometer. The orignal batch of TRU activitie ned on an individual 
isotopic basis. Table 6 lists the available analytlcal methods that to confirm and quantify 
the existence of potential radionuclides present in FEDC RH-TRU solid waste streams. Gross alpha 
counting is normally used to determine the total alpha activity in a sample, Alpha spectrometry (or 
alpha pulse-height) analysis provides the percentage of activity contributed each ;alpha emitter 
present in the sample. Likewise, gamma spectrometry can be used to provide individual activity 
of gamma-emitting radionuclides in a waste sample collected for alysis. The mass spectrometry 
method provides the isotopic percentage distribution of a particular radionuclide in the sample. A 
chemical separation process hust be completed before sing the mass spectrometry method to remove 
other undesirable radionuclides in the sample. A chemical separation process is also required for 
quantifymg the activity of a specific radianuclide with an expected concentration near the instrument 
detection limit. 

3.2 PILOT STUDY PERFORMED ON REDC HOT-CELL WASTES 

The selection of sample locations and analytical test rnethads was based on e howledge obtained 
from the REDC main stream operations and the waste packing process that took place in cubicle 9. 
Two sets of samples were collected for analysis: 34 smear samples were taken for the first set, and 
26 smear and 2 leach samples were taken for the second set. The first set of samples was collected 
from typical waste items located in cubicle 9 and from various locations in cubicles 1, 2, 3 ,4 ,  6 ,  and 
8. No sample was taken from cell 5 because this cubicle was not used during Campaign 69. The 
second set of samples was taken from various waste items in cell 9 as a supplement to the first data 
set. Detailed sample locations and the sample tracking records are provided in Tables 7 and 8. Waste 
items from each category (i.e., plastics, glass, 69s 
wastes. Each of the waste items was selected kets 
to ensure that the analytical results obtained from the samples would represent a typical distribution 
of radionuclides in wastes generated from the hot cell areas. Because of the high radiation working 
environment, all samples were collected remotely using Q-tip swabs with wooden handles. After 
smearing the waste item surface, e Q-tip head was placed in a prelabeled sample bottle. The bottle 
was capped and removed from the cell bank. This procedure was used to avoid cross-contamination 
from the manipulator’s fingers or other sources. To maximize the activity collected from each sample, 
the entire accessible surface of individual waste items was smeared with the Q-tip. As an example, 
both the inside surface and the threads of the polyethylene bottle were smeared to obtain the total 
surface contamination in the bottle. For the glass sample bottles, smears were taken after they have 
been leached and checked for neutron levels and released as waste. As an exception, smear samples 
were taken near the cuff area of the MSM boots where the contamination level is expected to be at 

and cloth) were collected from 
ly from several different polyet 

16 



Table 6. Radiochemical test methods solid waste charac ion 
ties 

tions followed 

Pu-240, Pu-242 

, Cm-244, Cm-245, 

, Am-243 

-235, U-236, U-2 

Cf-252, Cf-253 

h-232 

1 

Thermal ionization mass spectrometry 

* Inductively couple plasma - mass spectrometry 
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the maximum level. The total gamma plus neutron doses were limited to 50 nlR/h per sample. The 
neutron dose per sample was kept below 10 mR/h. These surface dose rates were established to avoid 
damage to analytical equipment and also to mainlain personnel dose to ALARA. 

The first set of samples was analyzed using gross alpha, alpha spectrometry, gamma spectrometry, and 
gross neutron determinations. The isotopic cornpositions of curium and californium were assumed 
to be compatible with those calculated from Tables 3 and 4 since no additional feed materials were 
added after the rework materials were introduced to the main stream process. Plutonium activity in 
Campaign 69 is expected to be mostly from 2?Pu, which is the decayed daughter ofM Cm. This 
assumption is justified because only WIR targets (fabricated with curium and americium oxide 
powders) were used as the feed materials in both Campaigns 68 and 69. For ese reasons, chemical 
separations and mass spectrometry were not used to obtain the isotopic compositions of PU, Crn, and 
Cf radionuclides contained in the first sample set. This decision was also made to minimize the 
analytical cost and the turnaround time for getting the analytical results. 

The smear samples were leached individually in a 4N nitric acid solution for 2 hours at room 
temperature, and a high purity germanium (HPGe) detector was used to obtain the gamma spectrum 
from an ahquot of the leachate. All of the fission and activation products, as well as t41Am and u3Am, 
in the smear samples were analyzed by gamma spectrometry. The discrete gamma ray energy peaks 
were compared with those found in Ref. 10 to identify i n ~ i v i d u ~  gamma ing radionuclides in 
the sample. These energy peaks were then integrated from the gamma rn to quantify the 
activities associated with these radionuclides. Although the two isotopes of americium (ulArn and 
”‘Am) are alpha emitters, they contribute only a small percentage of the total alpha activities. 
Therefore, their activities can be determined more accurately with gamma spectrometry rather than 
conventional alpha pulse-height analysis. The gross alpha determinations were made by evaporating 
an aliquot of the leachate on a stainless steel plate (in duplicate) followed by alpha counting on a gas 
proportional counter. One of these plates was then counted in an alpha spectrometer to identify the 
alpha-emitting radionuclides by pulse-height analysis. To quanti e major alpha emitters, each 
energy peak from the alpha spectrum was integrated to detennin i n ~ ~ v ~ ~ ~ ~ ~  peak areas. The 
individual peak areas were then divided by the total area of all energy peaks to determine the 
percentage of alpha counts at a particular alpha energy level. The gross alpha and alpha spectrometry 
analyses thus provided quantitative activities for the different alpha energies. The alpha energy peaks 
were then compared with those listed in Ref. 11 and 12 to identify the alpha-emitting radionuclides 
associated with these peakq. Additional information from gross neutron determination (of 252Cf) and 
gamma ray analysis (for americium isotopes) was used to determine the con butions these nuclides 
made to their respective alpha energy peaks. As m example, u8Pu and 241Am both have primary alpha 
energies of nominally 5.5-MeV. By quantifying 241Am through gamma spectrometry, the activity 
contributed by 241An1 to the 5.5-MeV peak was subtracted from the total activity ab that energy peak 
to leave the 238Pu activities. Alpha-emitting radionuclides that were not registered by alpha 
spectrometry were stated to be less than 1 % of the total alpha activity. The selection of this detection 
limit was based on the sensitivity of the alpha spectrometer used for the analysis. Radioactivity for 
the “nondetect” gamma-emitting radionuclides is set at the actual e value (i.e., without the < sign) 
since this is the Miminum Detection Activity (MDA) for these radionuclides. 

Because of the large number of nondetect values for 238Pu in the first set of sample data, in addition 
to the same analyses obtained for the first set, a plutoniu separation was performed on the second 
set of samples to obtain the isotopic activities of 238Pu, 239R40P~1 and 242Pu. The plutonium was 
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Table 9. GASP data for REDC melted polyethylene buckets 2527 and 6120 

Radionuclides 
Bucket 2527 

Wi) 
Bucket 6120 

(u Ci) 

RU- 106 

Ag- 1 1 Om 

Sb- 125 

(3-134 

EU- 154 

CS- 137 

--__I-- 

1,239.43 +. 27.704 429.158 & 14.156 

23.638 1.278 5.643 st 0.735 

407.509 f 11.156 619.289 A 26.981 

129.185 2 3.621 18.397 ~t 1.434 
453.436 rt 14.933 

303.666 rt 6.000 283.658 t 6.587 

82.139 i 3.292 
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After NDA measurements were taken, each of these waste buckets was transported to the 
radiochemical laboratory for ashing. The ash obtained from these buckets was dissolved in nitric acid 
and was analyzed using gross alpha, alpha spectrometry, gamma spectrometry, and gross neutron 
determination methods. Analytical results for bucket 2527 were not available since the ash was 
accidentally spilled in the drain. The radiologcal content of bucket 6 120 is provided in Table 10. 
The activities of llOmAg, l'Cs and 137 Cs were relatively low compared to the NDA measurements. 
Hence, these radionuclides may have vaporized to a large extent and become lost to the exhaust 
system. The amount of activity that was vaporized because of the high-temperature ashing process 
could be quantified by the radiochemical sampling results of e air filter installed for the exhaust 
system. However, this type of data was not collected and analyzed since the ashing experiment could 
not be totally isolated from other on-going projects at the analytical laboratory in Building 2026. 
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Result Error 

Gross alpha 1.OE+06 i 1.3 
AlDha emitters 

9.6Ei-05 r?: 

3.4Ei-03 * 
pu-2391240 4.0Ei-03 rz; 

’ pu-242 6.0E+01 2 

Am241 1.lE+04 r?: 

3.1Ec02 t 

3.9E+03 A 

Cm-242 1.8E+04 2 

2.5E41 st 

Ru- 106 
Ag-1 lorn 

Sb- 125 1.9E+02 f l.lE+Ol 
7.5E+01 f 3.4E+00 CS- 1 34 

CS- 137 7.9E+02 i 

Ce- 144 1.2E+03 i 

Eu- I52 1.4Ei-02 -r- 3 

Eu- 154 3.9E+03 i 

Eu- 155 5.3E+03 A 

Np-239 

alpha concentration 

TRU concentration 
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4. METHOD OF CHARACTERIZATION 

4.1 GENERAL DESCIUPTION OF lMETHOD 

Existing neutron interrogation techniques employed by NDA instruments such as the passive active 
neutron (FAN) and active passive neutron examination and assay (APNEA) systems cannot 
distinguish TRU radionuclides (u8Pu, u9n40h, 242pU, Am,243 Am, and 246 Cm) present in REDC 
wastes because of interference caused by neutron emissions received from non-TRU radionuclides 
such as "Vm, ?3n, and 25%f. On the other hand, gamma spectroscopy provides a convenient and 
accurate method for determining the radioactivity of selective gam a-emitting radionuclides in an 
REDC waste container. Radionuclides that emit relatively high-energy photons and that have 
acceptable branching ratios are good candidates for this type of measurement, and they can be "easily 
measured" from the GASP syste currently located at the WEAF. The following six easy-to-measure 
gamma-emitting radionuclides were used for this study: IMRu, IIOmAg, 125Sb, IMCs, IE"Eu, and 'j7Cs. 
Once the activity for these radionuclides is obtained from the GASP system, the TRU activity of a 
waste container can be determined by multiplying the measured gamma activity, A(g), by the 
applicable alpha to easy-to-measure gamma activity ratios, X (a,g). To evaluate the use of this 
method, the activities of nine alphaemitting radionuclides (2MCm, usPu, 239%g 24h, 241Am, 243Am, 
252Cf, 242Cm, and "6Cm) were estimated for REDC waste bucket 612Q. The probability of the TRU 
activity contents being above or below 100 nCi/g was also calculated to establish the appropriate waste 
classification for this bucket. Radiochemical data obtained from 54 ear and leached samples taken 
directly from cubicle 9 were used to estimate 54 sets of the alpha to sy-to-measure gamma activity 
ratios. The GASP system was used to obtain NDA measurements of the six ea o-measure gamma 
radionuclides in REDC waste bucket 61 20. Statistical analysis will be used to ine radiochemical 
data with NDA measurements obtained for this waste bucket. 

4.2 THE USE OF CUMULATIVE DIST UTION FUNCTION (CDF) PLOTS OF 
ALPHA TO EASY-TO-MEASURE GAMMA ACTIVITY 

In general, percentiles are normally used in sfatistical analysis to evaluate the position of one 
observation in relation to all of the observations in a data set. Percentile measurements are particulmly 
useful in the environmental compliance area, where decisions must be made for whether or not an 
environmental pollution level would exceed a specified regulatory limit. Let X,(a,g), X,(a,g), . . . , 
and X,(a,g) represent the activity ratios of alpha=emitting radionuclide (a) and the easy-to-measure 
gamma-emitting radionuclide ( g )  in the pilot study, where m is the total number of samples collected 
directly from the waste stream. If we arrange all the data points in each of the activity ratio data sets 
in increasing order, the p* percentile is the data value that is greater than or equal to p% of the values 
in the set. The X, (a,g) value at the p* percentile is also less than or qua l  to (1 -p)% of the data values 
in the same data set. Based on this definition, the value at the percentile, &.so (a,g), is also called 
the sample median because at the 50* percentile, half of the data set has indivi ual values greater than 
Xo.50 (a,g), and the other half of the data set has values less than X 0.50 (a,g). Also, other important 
parameters to be considered for evaluating environmental data are the 90", 95*, and 99h, percentiles 
where a decision maker would like to make sure that 90, 95, or 99% of the contarnination levels are 
below a fixed risk or contarnination level. 
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As mentioned previously, the activity ratios at the S" and the 50* percentile, &@(%g), and &,(a,g), 
can be obtained directly from the CDF plot. One can also approximate the (a)  percent confidence 
intervals for any percentile of a data set by using the following expression", with the notation L1 and 
rl indicating that we round the i and k entries down and up, respectively, to the nearest whole number: 

i = L m p  - 

k = r m p  + c [ m p  (1-p)]" -1 (3) 

where i,k = 

m = the total number of samples, 
p = percentile, which may be approximated by Eq. ( I ) ,  
c 

order numbers (ranks) defining the upper and lower bounds of the 
uncertainty interval associated with the p * percentile, 

= corresponding deviation such that Prsb [ -c e X, 
a == 95% confidence level, c = 2. 

c ] = a. For 

As an example, we collected 54 samples from waste items located in cubicle 9 of the REDC shielded 
cell banks. Therefore, we have 54 sets of "2Cf/'MRu activity ratios. We would like to determine the 
lower bound of the 95% confidence interval for the 5Q* percentile of the 25'Cf/ lMRu activity ratio. 
From this example, m == 54, p = 0.50, and c = 2. Using Eq. (a), the value i is q u a l  to 19. Hence, the 
lower bound of the 95% confidence interval for the median 2s2Cf/'06R~ activity ratio is located at the 
19' rank. The TRU activity of a waste container calculated at the #' percentile, A, (a,g), based on 
a certain set of activity ratios can be obtained by 

As a result, we will have six TRU activities calculated for an indivi ual waste bucket. Additional 
calculations are required to combine these activities into a single TRU activity estimate for each waste 
bucket. A discussion of these techniques is provided in Sect. 4.3.4. 

4.2.2 Parametric Method 

The lognormal distribution can be used to characterize a data set when the logarithm of all 
observations contained in the data set can be characterized by a normal distribution function. That 
is, if the activity ratio X, (a,g) is lognormally distributed, A @,a), then the log activity ratios Y, (a,g) 
= Ln [X, (a,g)J will exhibit a normal distribution function, N ( p a ). The lognormal density 
function is given by 

where X > 0, - < py < , oy > 8. 
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As shown on p. 167 of Ref. 14, the expected value of p is 

= (true mean) (bias factor) 

Based on this relationship, 0 is a biased estimator for p, and this bias factor will approach one as the 
sample number rn becomes large. Therefore, Eq. (5) should not be sed to estimate the true mean 
activity ratio of any individual activity ratios set, Y, (a,g), with a sample number smaller than 100. 

The sample geometric mean of Y, (a,g) can be calculated as GM (Y) = (Y). Because of 
characteristics of a lognormal distribution, the estimated values of the geometric mean GM (Y) and 
the true median activity ratios (i.e,, Y, (ag) at the 50" percentile) differ by a bias factor, which also 
depends on the number of samples used to approximate the mean and the variance.I4 In particular, 

where 

= (truce median) (bias factor). 

E (GM) = estimated value of the geometric mean, 
P Y  = natural logarithm of random variable 5 (a,g) at the 50" 

percentile, 
4 = variance of the transformed (lognomal) activity ratio Y, (a,g), 
m =3 number of random elements in the set, 

Note that as the number of mdom samples increases, the bias factor decreases. This ti&$ factor will 
also approach one as m becomes large. Far the nonparametric analysis no bias is assumed, and the 
50* percentile is used as the estimator. If the activity ratio data follow a l o g n a ~ a l  d i s t ~ b u t i ~ ~  as we 
assumed for the parametric method, then the sample geometric mean should be used as the estimator 
for the true median activity ratio of each data set. These activity ratios will then be used to estimate 
the median TRU activity content of a single waste "bucket," 

On average, the expcted geometric mean value of the activity ratios, as shown in E¶. (6), should be 
used as the estimator to predict the median activity of TRU isotopes for classification of a particular 
waste bucket or a 55 gallon drum as TRU or not U. However, introducing the bias correction, 
exp(a; / 2 m ) ,  to Eq. 6 may overpredict the activity in this type of waste container generated at 
REDC because of the relatively large variance associated with. the activity ratios. This problem can 
be resolved by collecting additional samples to imp precision of the activity ratio calculations. 
The variability of activity ratios also depends on ount of mass associated with the type of 
sample collected. As the sample mass increases, the fluctuation of activity measured for each sample 
will be reduced. Therefore, a different type of sample collection technique could also be employed 
to minimize the variance associated with each set of activity ratios derived for estimating the TRU 
activity content of a single waste container. 
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Based on the Central Limit Theorem, the distribution of the mean activity will follow the normal 
distribution function. Therefore, the lower bound activity, Ai (a,g), of the 95% confidence interval 
of the estimated mean activity, A, (a,g),  should lie about two standard deviations from 
mean value: 

The standard deviation, q, (a,g), of the estimated mean activity is estimated based an the error 
associated with independent variable gamma activities, A(g), and the estimated mean activity ratio, 
fi. Let P = X * Y, with X and Y being two independent random variables taken from two different 
populations (px, ax) and (py , oy ), respectively. Then 

or 

a2(XY) =E(XY)2-E2(XY)=[E(X2)  * E(Y2) ]  - [E2(X) * E2(Y)], 
a2 (XU) == [a2(X) + E*(X)] * [cJ*(Y) -t- E2(Y)] - [ E2(X) * E2(Y) 3, 

= [ a2(X) * u2(Y) 3 + [ E2(X) * a2(Y)] + [ E2(Y) * d(X)], 

= [ a2(X) * a2(Y)] -4- [ p2(X) * a2(Y)] 4- [ p2(Y) * a2(X)l, 
u2 (P) = [ d(X)  * a2(Y)] 4- [p2(X) * u2(Y)] + [ 

The following substitutions are made to estimate the variance from the estimated mean TRU activities 
of a waste bucket: 

The standard deviation of the set containing all average activity ratios, as shown i Eq. 9, is derived 
from Ref. 16, where m is equal to the number af samples collected for each of the average activity 
ratios. The variance associated with the estimated mean activity, A, (a,g),  can be calculated as: 

Another alternative for decision making relative to classification of a given waste drum is to use the 
Sh percentile of the activity ratio distributions as the estimator. For the parmetric analysis, by 
definition: 

P [ (py - 2 * s ( p ) / h  ) e Y e (py + 2 * s ( p ) / h  ) 3 = 0.95. 
P [exp(  py - 2 * s(ji>/J;;; ) e  exp (Y) e exp (py + 2 * s ( ~ ) / f i  1 = 0.95. 

P [ exp (py) * exp (- 2 * s(p) / f i  ) e exp (Y) < [exp ( py ) * exp ( 2  * s ( j i ) / f i  )] E 0.95. 
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measurements are caused by the limiting operating conditions of individual instrumentation used to 
obtain analytical data. 

To obtain an estimate of one isotope relative to another from the pilot study data, two reasonable 
approaches are considered. ’The first approach is to add all alpha activities for the TRU radionuclides 
(i. e., the numerator) and divide this value by individual easy-to-measure gamma emitters (Le., the 
denominator). The second option would be to use individual (TRU) alpha to easy-to-measure gamma 
activity ratios. Reference 13 provides detailed discussion of the applicability of using the fi 
for classifying TRU wastes. Based on our evaluations of the sampling process, the un 
associated with collecting samples dominate the measurement uncertainties; therefore, they need to 
be eliminated from the TRU activity estimation. For this reason, the second option is used in this 
report. Another important consideration is that samples with high alpha activities dominate the 
activity ratio value if the first option is used. As a result, important statistical information relative to 
the dispersion of a data set would be discarded if sampling uncertainties were more important than 
measurement uncertainties. For the case where measurements are reported as less than MDA, 
measurement uncertainties may exceed sampling uncertainties. h order to compensate for the 
measurement uncertainties, activities measured for the “ ondetect” (i.e., below ?.he MDA level) alpha- 
emitting radionuclides are set at 1 % of the gross alpha activity. The selection of this detection level 
was based on the sensitivity of the alpha spectrometer used for the analysis. The MDA assigned to 
individual easy-to-measure gamma-emitting radionuclides is set at the instrument detection limit. 

4.3.2 Relative Mass Associated with Smear/JLeach Samples and by Waste Containers 

Activity ratios, X (a,g), associated with a single smear sample gener ly represent very little mass. 
Therefore, the large variance in the activity Patios calculated for a set of ‘‘rd9 smear samples may be 
created as a result of the measurement inconsistency. Very small or large activity ratios can also be 
obtained when one of the radionuclides is found in low concentration. Only a single set of activity 
ratios, & (a,g), exists if all of the REDC hot cell wastes can be homogenized into a single container. 
If a large number of smear samples were obtained from the waste items stored in cubicle 9, the 
arithmetic mean activity ratio, X,, (a,g), of the smear samples distribution would be equal to the 
activity ratio, (a,g), calculated for all of REDC wastes. This observation is made based on the 
acsurnption that the waste materials collected from cubicle 9 are representative of the entire RH-TRU 
REDC waste stream. This assumption is reasonable since the contents of the E D C  waste containers 
are arbitrary selected from the same waste items stored in cubicle 9. Based on this assumption, the 
geometric mean activity ratios set, X, (a,g), obtain from the pilot study s ples can then be used 
to estimate the geometric mean activity of alpha- tting radionuclides present in the “bucket” of 
REDC wastes. 

As the mass of individual samples increases, the variability of activity ratios will decrease. As a result, 
activity ratios associated with the 3 gallon buckets should vary co siderably less than those associated 
with very smdl mass samples. Likewise, the variability of activity ratios associated with the 55 gallon 
drums should be much less than those associated with the REDC waste buckets. Based on this 
analogy, the geometric mean of the activity ratios obtained from samples taken for the pilot study can 
be used to predict the geometric mean alphdgamma activity ratios sampled from the REDC waste 
drums. If the activity of gamma-emitting radionuclides in a 55 gallon drum can be measured using 
the GASP system, we can then use the same technique used on the 3 gallon waste bucket to estimate 
the TRU activity content of a waste drum. 

32 



4.31.3 Correlation Between Aipha and Easy-to- sure Gamma-Emi 

ship between the activity of al radionuclides (A,) and the activity of gamma 
(Ay), can be desc 

correlation can be es of alpha-emitting a- 
uclides: 

Y '  
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since random scattering 

4.3.4 TRU Activity Estimation Techniques 
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uncertainty can be 
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The total TRU activity can be determined as: 

6 6 

If the correlations between individual alpha- and gamma-emitting radionuclides cannot be established, 
the activity values derived from each of the six activity ratios must be carefully ex 
adjusted based on how well these TRU activities are in agreement with each other. Section 5.0 shows 
how we combine the six TRU activity values derived from the six gamma activities (measured by the 
GASP system) to estimate the total TRU content of REDC waste bucket 6120. Note that the activity 
ratios from the CDFs can be used to establish probability that the alpha activity is less than or greater 
than a given value. Therefore, the TRU concentration in a waste container can be estimated within 
a certain confidence limit if the mass of the waste is known. 
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Table 14. Estimated mean activity using a lognormal distribution metho 

Total activity (pCi) 251,776.24 
I 

TRUactivity (pCi) 1 5,571.82 
I 

TRU conc. (nCi/g) 2,599.70 

Table 15. Geometric mean activity, GM (Y), based on the lo 
values 

PU* I (  
Pu242 I (  

yCi, I 262.741 67.801 1342.31 
pCi, I 37.801 9.751 193.13 
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Table 18. Estimated activity at the 5"h percentile based on the lognormal distribution 
method and a visual fit to the activity ratio data 

Table 18 lists the alpha activities at the S" percentile using fit of the activity ratios to the 
lognormal distribution hnction. The TRU activities estimated s 13,17, and 18 are co 
with each other, Based on these activity values, waste bucket 6120 can be classified as TRU since at 
the 95% confidence level, the calculated activities for this bucket exceeded 100 nCi/g. 

As mentioned previously,'the TRU activity values derived from 'lOmAg are generally low in 
comparison to the other easy-to-measure gamma emitting radionuclides. On the other 
activities derived from '"Sb always have the 1 t values. These results may be caused by the 
measurement problems associated with the gam asurements or poor correlations between alpha- 
and gamma-emitting radionuclides. A series of plots provided in Appendix B shows that there is a 
general correlation between the alpha and selected gamma activity. However, the linear relationship 
(as shown in Eq. 12) cannot be easily established for these types of radionuclides. For these reasons, 
the arithmetic average activity calculated from the six activity sets is used to determine if a waste 
container can be classified as T R W .  The estimated mean alpha activities are also calculated using the 
weighting factor techniques, as described in Sect. 4.3.4 of this repofi. These alpha activities are listed 
in Appendix E along with the estimated activity, Afi(a,g), defined in the equations given on p. 30, for 
comparison purposes. Additional sample collection, mathematical modeling, and statistical 
evaluations must be prformd to described the relationship between the alpha- and gamma-emitting 
radionuclides., These activities are necessary to quantify the TRU activity content of a specific waste 
bucket. 
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The TRU content in bucket 6120 should not be based on the estimated mean (first moment) TRU 
concentration calculated from the parametric method due to the skewness associated with the TRU 
activity ratios taken from the CDF plots. The bias correction could be eliminated by obtaining a 
distribution associated with a larger accumulation of mass. Either the geometric mean TRU 
concentration or the 95% lower confidence interval of the geometric mean "RU concentration is 
recommended to be used for determining that a particular REDC waste bucket is or is not TRU, 
However, the CDF plots can be used more effectively to classify a waste package as TRU or not "RU 
since the alphdgamma activity ratio at any percentile can be estimated directly fiorn these CDF plots, 
regardless of the distribution type of the daw The probability of a concentration to be above or below 
a given value can be determined directly from the CDF of alpha-to-gamma emitting radionuclides. 
The correlation between alpha- and gamma-emitting radionuclides is reflected in the slope of the 
CDFs. Therefore, it may not be prudent to commit a large effort to optimize calibration models. 

Based on the 50*percentile and the geometric mean estimates, both parametric and nonparametric 
methods predict that the TRU concentration for bucket 6 120 is approximately 1200 nCi/g. However, 
there is a large uncertainty associated with this TRU concentration estimate since activities measured 
in small samples reflect the expectedly large relative dispersion associated with the amount of alpha- 
and gamma-emitting radionuclides deposited in small surface areas. Analyses of at. least five-bucket- 
sized waste samples will significantly reduce this uncertainty. Activity ratios derived from the 
radiochemical analyses associated with the five-bucket-sized waste samples should be compared with 
those activity ratios estimated from the smears samples results collected from the pilot study. This 
evaluation is necessary to resolve the problem associated with the distribution of radionuclides in 
small m a s  samples. Additional mathematical modeling efforts and more statistical evaluations must 
also be performed to reduce the upper- and lower-bound unce nty associated with the activity ratio 
data sets generated from the pilot study. 

Additional data are also required to reduce the bias factor and to improve the estimated mean TRU 
activity calculated for bucket 6120. This additional information co Id be obtained by ashing more 
buckets, improving low-energy photon measurements, and quantifying fissile isotope concentrations. 
To ensure that fewer drums are misclassifid by using the estimated activity ratio estimates at the 50* 
percentile, additional samples should be obtained. This is especially true for situations in which less 
than 30 samples are available. To improve the 5" percentile critefion, e variance of the activity ratio 
distribution must be reduced. This large varimce is primarily the result of the very small mass 
represented by the samples relative to masses associated with disposal drums. As an alternative, a 
different sample collection method, such as a leaching (instead of smearing) technique, should be used 
to increase the amount of activity per unit mass associated with each sample collected for 
radiochemical analysis. Leaching of REDG waste samples is also recommended to minimize the 
number of nondetect values in the analytical reports. 

The upper and lower bounds of the activity predictions associated with the smear sample CDFs can 
be significantly reduced by using only gamma spectroscopy. In particular, isotopic ratios of 
gamma-emitting radionuclides are available from the smear and leach samples obtained by the pilot 
study. If one generates CDFs for these radionuclides from the pilot study data, variances in these 
distributions should be characteristically large as is the case for the alpha to easy-to-measure 
gamma-emitting radionuclides. If one were to obtain gamma spectroscopy measurements for about 
fifty bucket-sized waste samples, CDFs for the corresponding ratios could be obtained at much less 
expense than for destructive analyses (such as ashing) of buckets. The CDFs for the "bucket" 
distributions should be much steeper and have much smaller variances because of the much larger 
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